The magnetic entropy change in Fe 92−x Cr 8 B x ͑x =12,15͒ amorphous alloys has been studied. Increasing the B content, both the peak entropy change and the Curie temperature of the alloy increase. This is in agreement with an increase in the average magnetic moment per iron atom. The thermal and field dependences of the magnetic entropy change curves have been analyzed with the use of the Arrott-Noakes equation of state. It is shown that determining the parameters in this equation of state ͑through fitting the magnetization data͒ allows prediction of the field and temperature dependences of the magnetic entropy change curves in a broad temperature range around the Curie temperature.
I. INTRODUCTION
The study of the magnetocaloric effect ͑MCE͒ with the aim of its application for near-room-temperature magnetic refrigeration has been revitalized since the discovery of the giant MCE ͑GMCE͒ in the past decade of the previous century.
1 Almost simultaneously, the demonstration of the feasibility of the application of this effect, not only at temperatures at the order of 10 mK ͑Ref. 2͒ but at temperatures that can be adequate for domestic appliances, 3 has fostered this line of research. The reasons for this increasing interest are the larger energetic efficiency of magnetic refrigerators ͑when compared with conventional ones based on the compression/expansion of gases͒ and the environmental benefits associated with the absence in the system of ozone depleting or greenhouse associated gases.
In recent years, there have been numerous attempts to enhance the magnetocaloric response of materials, and a number of excellent review papers [4] [5] [6] [7] and books 8, 9 have been published. The reduction of material costs, a requisite for the effective commercial application of the technology, is being achieved by replacing rare earths by transition metal based alloys. 10, 11 However, in order to be able to apply a specific material to a real refrigerator, there are additional requisites that have to be considered: reduced hysteresis, 12 enhanced mechanical properties, and corrosion resistance. 13 The selection of a particular type of material for its application is also associated with a relevant decision: the selection of materials with a second order magnetic phase transition ͑MCE materials͒ or with a first order magnetostructural phase transition ͑GMCE materials͒. In the latter case, the peak magnetic entropy change ⌬S M pk is larger, but the peak is also narrower in temperature than for the second order phase transitions. For a magnetic refrigerant material, a peak magnitude versus a peak width trade-off is necessary. Apart from the optimization of material properties for quasistatic characterization ͑the one usually performed in research laboratories͒, it has to be taken into account that the cooling power of a magnetic refrigerator is a product of the operation frequency and of the quantity and relative cooling power of the refrigerant. Therefore, although materials with a second order phase transition may have a smaller ⌬S M pk , this can be compensated by their faster response due to the lack of hysteresis, which can facilitate the increase in the operation frequency in refrigerator appliances.
14 Mainly because of all these requisites, present refrigerator prototypes still employ almost exclusively MCE materials with a second order magnetic phase transition ͑ver-sus GMCE materials with a first order magnetostructural phase transition͒. In particular, there is a growing interest in studying the applicability of soft magnetic amorphous alloys as magnetic refrigerants [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] due to their reduced magnetic hysteresis ͑virtually negligible͒, higher electrical resistivity, which would decrease eddy current losses ͑although current refrigerator prototypes are working at very low frequencies, recent theoretical calculations 14 predict operating frequencies in the 0.5 kHz range, which could make these losses more relevant͒, and tunable Curie temperature T C . Nanoperm-type alloys are among the rare earth free soft magnetic amorphous alloys that currently exhibit the highest refrigerant capacity ͑RC͒ values, while the corresponding values of ͉⌬S M pk ͉ still remain among the higher. 28 From a practical point of view, the study of the field dependence of the magnetic entropy change has also attracted scientific interest. 33 As the performance of a magnetic refrigerator depends on the maximum applied field, the analysis of this field dependence for different types of materials can give further clues on how to improve the performance of refrigerant materials for the magnetic field range employed in actual refrigerators ͑generally 10-20 kOe͒. These studies have been made either experimentally [34] [35] [36] or from a theoretical point of view by restricting the description to a mean field approach. 37, 38 Landau theory of magnetic phase transitions has also been employed to analyze the behavior of some specific materials. 39, 40 More recently, the limitation of a mean field approach has been overcome by using the equation of state for materials with a second order magnetic phase transition. 41 Expressing the field dependence as ⌬S M ϰ H n , this approach allowed us to find a relationship between the exponent n and the critical exponents of the material and to propose a phenomenological universal curve for the field dependence of ⌬S M , which was successfully tested for different series of soft magnetic amorphous alloys 28, 41 and lanthanide based crystalline materials. 42, 43 Although there is no closed analytical expression that can be fitted to the universal curve, there is a recent approach that allows describing the regions close to the peak with the help of a Lorentz function, which can be used by engineers as a tool in the design of refrigerator prototypes. 43 All these approaches put stress on describing the universal features of the ⌬S M curves, in some cases using the critical exponents, leaving aside the connection between the actual sample and this universal curve ͑associated with the critical amplitudes͒.
The purpose of this paper is twofold. On the one hand, the influence of the Fe/B ratio on the magnetocaloric response of an FeCrB amorphous alloy is analyzed. On the other hand, a study of the relationship between the parameters of the equation of state and the peak entropy change in the alloys is performed. It will be shown that in knowing these parameters, the value of ͉⌬S M pk ͉ can be predicted and the shape of the ⌬S M curve is properly reproduced in the neighborhood of the Curie temperature; i.e., it gives the connection between the universal curve and the peculiarities of the ⌬S M curve of a particular sample.
II. EXPERIMENTAL
Amorphous ribbons ͑ϳ1 mm wide and 10-20 m thick͒ of Fe 92−x Cr 8 B x ͑x =12,15͒ were obtained by melt spinning. Throughout this paper, the samples will be denoted as B12 and B15. The amorphous character of the as-quenched alloys was checked by x-ray diffraction. The thermal stability of the alloys against nanocrystallization has been studied by differential scanning calorimetry ͑DSC͒. The devitrification of the alloy takes place in two main stages, as evidenced by the DSC exotherms of Fig. 1 measured at 20 K/min. Increasing the B content in the alloy causes the onset temperature of the nanocrystallization process to shift from ϳ663 K for the B12 alloy to ϳ720 K for the B15 alloy.
The low temperature magnetic measurements were performed using superconducting quantum interference device ͑SQUID͒ magnetometry ͑Quantum Design MPMS-5S͒. The field dependence of magnetization was measured using a LakeShore 7407 vibrating sample magnetometer ͑VSM͒ using a maximum applied field H = 15 kOe. The magnetic entropy change due to the application of the magnetic field H has been evaluated from the processing of the temperature and field dependent magnetization curves,
Prior to the measurements, the stress of the samples was relaxed by preheating them up to 525 K at a rate of 10 K/min.
The low temperature ͑5 K͒ magnetic moments of the studied alloys were 125.2 and 144.5 emu/g for the B12 and B15 alloys, respectively. These values correspond to average magnetic moments of Fe ͑͗ Fe ͒͘ of 1.41 B and 1.64 B , respectively. This increase in the average magnetic moment per Fe atom with increasing B content in the alloy is also a general feature for Fe-ET -B ͑ET = Zr, Mo, etc.͒ alloys with low B content.
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III. RESULTS AND DISCUSSION
A. Compositional dependence of the magnetocaloric response
The magnetic entropy change in the studied alloys is presented in Fig. 2 . There, the results of the high temperature measurements in the VSM are compared with the low temperature SQUID measurements, with a temperature region that has been measured in both pieces of equipment to allow for overlapping of the results. The small discrepancies when combining the VSM and SQUID results may emerge from the different field and temperature calibrations in both cases. It is also worth mentioning that the discretization of the tem- 
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Franco, Conde, and Kiss J. Appl. Phys. 104, 033903 ͑2008͒ perature axis ͑every 10 K in the present case͒ can also cause small differences in the experimentally determined ͉⌬S M pk ͉. These differences remain below 7% ͑i.e., below the usually accepted error margin of this experimental determination of ⌬S M , which can be even above 10% according to several authors͒. 45 Despite this, it can be seen that ͉⌬S M pk ͉ increases with increasing B content in the alloy. This increase can be more easily detected with measurements at higher applied fields, as evidenced in Table I . As in previous studies of the influence of the Fe/B ratio on the MCE of FeMoCuB amorphous alloys, 26 the present FeCrB alloy series evidences an increasing ͉⌬S M pk ͉ with increasing average magnetic moment per Fe atom ͑which increases with increasing B content as indicated previously͒. However, there are two important differences with respect to the previous results, which have to be remarked: First, in the present case the peak entropy change does not remain constant when the Curie temperature of the alloy is displaced by B addition, which can be detrimental for their application as constituents of a composite material for Ericsson-type refrigerators. Second, although ͉⌬S M pk ͉ increases with ͗ Fe ͘, this cannot be the only relevant parameter, as in that hypothetical case the value of ͉⌬S M pk ͉ for the B12 alloy should be below those of Fe 91−x Mo 8 Cu 1 B x ͑x =17,20͒, and this is not the case. 26 In order to advance in the study of the material's parameters which control the actual magnetocaloric response of a particular alloy, we have to select a particular equation of state to be able to make analytical calculations. Recently it has been shown that the Arrott-Noakes equation of state is able to reproduce the shape of the universal curve of the MCE for amorphous alloys. 46 Therefore, we will make this particular choice to analyze the magnetic response of each of the samples.
B. Predicting the magnetic entropy change from the Arrott-Noakes equation of state
Let us consider that the magnetic equation of state of such a ferromagnetic material in the proximity of the transition temperature can be approximately described using the Arrott-Noakes equation of state, 47 which can be written as
where ␤ and ␥ are the critical exponents. For a given universality class ͑i.e., fixed values of the critical exponents͒, the differences from one material to the other can only come from the T C and the parameters a and b. Taking into account that the critical exponents have to be determined from experimental results close to the critical region, an attempt to fit in one single step all the M͑H , T͒ data to Eq. ͑2͒ could give results that are far from physically reasonable. Therefore, the fitting procedure has been performed in two steps. First, the Curie temperature and the exponents ␤ and ␥ have been determined in the following way. The extrapolation of the high field portion of the M 2.5 versus ͑H / M͒ 0.75 curves ͑Arrott-Noakes plot͒ was used to obtain the spontaneous magnetization and initial susceptibility from the intercepts with the ͑H / M͒ 0.75 = 0 and M 2.5 = 0 axes, respectively. These values were subsequently processed following the KouvelFisher method 48 ͑the case for the B15 alloy is shown in Fig.  3͒ to obtain the critical exponents and a consistent determination of T C . The results were ␤ = 0.46Ϯ 0.01 and ␥ = 1.56Ϯ 0.01 for both alloys, and T C = 325Ϯ 2 K and T C = 370Ϯ 1 K for the B12 and B15 alloys, respectively. The values of the critical exponents are inside the range of those found for other amorphous alloys. 49 The second step in the fitting procedure consists of making the nonlinear fit of the experimental data to the surface
imposing the values of the Curie temperatures and critical exponents obtained in the previous step. The reason for selecting the temperature as the fitting variable is to avoid multivalued solutions of the equation, which could complicate the numerical procedure. The experimental results obtained from the VSM at fields ranging from 0.1 to 1.5 T have been used for the fitting. Some selected M͑T͒ data for different applied fields are presented in Fig. 4 , together with the fitted curves. The parameters obtained in the fitting are presented in Table I . By proper manipulation of the equation of state, an analytical expression for the magnetic entropy change at the transition temperature has recently been given as 41 
͉⌬S
This expression indicates that the field independent term in ⌬S M ͑T C ͒ ͑denoted as a prefactor in Table I͒ is completely determined by a, b, and critical exponents. Therefore, for a series of alloys of the same universality class, the differences in the magnitude of the ͉⌬S M pk ͉ for each alloy should emerge from differences in a and b. There can be small differences between the predicted values using this equation and those of ͉⌬S M pk ͉, which emerge from the fact that the temperature of the peak may be different from the Curie temperature ͑mak-ing ͉⌬S M ͑T C ͉͒ Յ ͉⌬S M pk ͉͒. However, these are outside the scope of this paper and will be studied elsewhere. 50 Nevertheless, these differences can be ruled out in the comparison if instead of comparing the values of ͉⌬S M pk ͉ and ͉⌬S M ͑T C ͉͒ for each alloy, the relative change in these magnitudes for the two compositions are compared. The most reliable comparison in Table I is that of the 5 T SQUID data ͑since bigger differences are easier to resolve experimentally͒. Not only the values of ͉⌬S M pk ͉ and of the predicted ͉⌬S M ͑T C ͉͒ are in good agreement but also the relative change in these magnitudes with changing compositions agrees.
However, knowing all the parameters appearing in the equation of state also allows predicting of the shape of the ⌬S M curves for the studied materials. The predicted curves have been calculated from the processing of the fitted magnetization curves and are plotted as continuous lines in Fig.  2 . It is shown that for a relatively large temperature span around the Curie temperature ͑down to 170 K below T C ͒, the prediction of the Arrott-Noakes equation of state is rather accurate ͑the differences, with respect to the experimental data, are comparable to the differences between the SQUID and VSM data, i.e., the error margin͒.
IV. CONCLUSIONS
In conclusion, the magnetocaloric response of Fe 92−x Cr 8 B x ͑x =12,15͒ alloys has been studied. The peak entropy change increases with the increasing average magnetic moment of Fe, i.e., increasing B content. However, in contrast to the results of the FeMoCuB alloy series, ͉⌬S M pk ͉ does not remain constant when the Curie temperature is increased by increasing the B content. By fitting the experimental magnetization curves to the Arrott-Noakes equation of state, the parameters a and b, which control the differences between the values of ͉⌬S M pk ͉ for both alloys, have been determined and the ⌬S M curves have been predicted. These predicted curves are in good agreement with the experimental results. This fitting procedure can be used to extrapolate the magnetocaloric response of materials for fields or temperatures that are not available in the laboratory. 
